In the present work we prepared an in situ Cu 47. 5 Zr 47.5 Al 5 bulk metallic glass matrix composite derived from the shape memory alloy CuZr. We use a strength model, which considers percolation and a three-microstructural-element body approach, to understand the effect of the crystalline phase on the yield stress and the fracture strain under compressive loading, respectively. The intrinsic work-hardenability due to the martensitic transformation of the crystalline phase causes significant work hardening also of the composite material. © 2009 American Institute of Physics. ͓doi:10.1063/1.3222973͔
Plastic strain in bulk metallic glasses ͑BMGs͒ is highly localized in shear bands with a thickness of only a few nanometers, which severely limits the plastic deformability. 1 There are different approaches how to introduce a somewhat more homogeneous plastic strain in glassy materials among them the synthesis of BMG matrix composites. 2 However, the increase in plasticity does not necessarily go along with work hardening, another necessity from an engineering point of view. 3, 4 Among the diversity of BMGs, 5 CuZr-based alloys are peculiar under two aspects: first, their melts have a relatively strong tendency to vitrify. Even binary and ternary glassy alloys can be obtained in the Cu-Zr system. 6 Second, crystalline B2 CuZr ͑Pm-3m͒ shows the shape memory effect. 7 The cubic primitive B2 structure can undergo a reversible transformation to a monoclinic B19Ј ͑Cm and P2 1 / m͒ structure. 8 The transformation from B2 CuZr to B19Ј CuZr is equal to the process in the well-studied shape memory alloy NiTi. 9 Both peculiarities can be made use of by synthesizing BMG matrix composites in CuZr-based alloy systems, e.g., Cu 47.5 Zr 47.5 Al 5 . The B2 CuZr phase crystallizes first upon cooling the melt. Even though the B2 CuZr phase is thermodynamically stable only at temperatures above 988 K fast cooling as achieved by Cu-mold casting can prevent the eutectoid decomposition into the low temperature equilibrium phases Cu 10 Zr 7 and CuZr 2 . 10 Proper adjustment of composition and cooling rate suppresses the martensitic transformation and "austenitic" B2 CuZr can be retained at room temperature.
11
The BMG matrix composites produced in this work contain different crystalline volume fractions. The crystal size typically ranges from some tens to hundreds of micrometers. We investigated the mechanical properties under uniaxial, quasistatic compressive loading with the focus on the effect of the second phase on the response of the composite material. The experimental yields strengths were compared with calculations using a strength model, which considers percolation. 12, 13 Furthermore, the fracture strains were calculated by an empirical approach developed by Fan and Miodownik.
14 Despite its importance for understanding the mechanisms in CuZr-based BMG matrix composites, there are no data available in literature on the mechanical properties of B2 CuZr. This gap is filled with the results presented here. Its intrinsic work-hardenability has strong implications on the deformation behavior of the composites.
Cu 47.5 Zr 47.5 Al 5 prealloys were synthesized by arc melting the constituting elements ͑purity of 99.99% or higher͒. Rods with a diameter of 2 mm were produced via suction casting. The temperature of the Cu 47.5 Zr 47.5 Al 5 melt was varied by applying different melting currents. One rod was annealed for 16 h at 1073 K in Ar atmosphere and then quenched to room temperature in an Ar flow within approximately 2 min. The rod was consecutively thermally cycled in a Netzsch DIL 402C dilatometer between 193 and 673 K at a heating rate of 5 K/min to stabilize B2 CuZr at room temperature. The samples were analyzed by means of a Zeiss Axiophot optical microscope and by high-energy x-ray diffraction ͑ = 0.012 398 4 nm͒ at BW5 of HASYLAB in Hamburg, Germany. The elastic constants were determined with an Olympus Panametrics-NDT 5900PR ultrasonic testing device. Compression tests were performed on rods with an aspect ratio of two using an Instron 5869 with a constant strain rate of 1 ϫ 10 −4 s −1 . A laser-extensometer ͑Fiedler͒ monitored the strain directly at the sample. Figure 1 shows the true stress-strain curves of selected Cu 47.5 Zr 47.5 Al 5 specimens with different crystalline volume fractions. The inset to Fig. 1 shows three typical microstructures of the composites with different crystalline volume fractions. The larger the amount of the crystalline phase in the composites ͑i͒ the lower the yield stress, ͑ii͒ the larger the plasticity, and ͑iii͒ the more pronounced the work hardening. This behavior becomes obvious when the fracture strain ͓Fig. 2͑b͔͒ and the yield stress ͓Fig. 2͑a͔͒ are plotted as a function of the crystalline volume fraction. At crystalline volume fractions up to 10 vol. % the yield strength scatters around 1600 MPa and quickly decreases to 1200 MPa when 30 vol. % consist of crystals. In this regime the BMG matrix composite can be described by the rule of mixtures since the matrix has a yield strength much larger than that of the second phase. Yielding of the composite is therefore controlled by yielding of the relatively harder glassy Cu 47.5 Zr 47.5 Al 5 phase:
where f and are the volume fraction and the yield strength of the constituent phases, and subscript/superscript ␣ and ␤ refer to B2 CuZr and the BMG, respectively. At crystalline volume fractions exceeding 50 vol. % the composite can be modeled as a crystalline matrix reinforced with glassy Cu 47.5 Zr 47.5 Al 5 . In this case, the load-bearing model captures the yield stress:
Between those two limiting cases there is a transition determined by a critical crystalline volume fraction ͑v crit ͒, which has a physical meaning similar to the percolation threshold used to quantify the formation of long-range connectivity in random systems. 13 In the present case, v crit lies between 30 and 50 vol. %. At the critical volume fraction the crystals interconnect and form a structural framework. This can be readily seen in the micrographs of the rods ͑inset to Fig. 1͒ . The transition in the microstructure leads to transition in the deformation behavior. The applied strength model ͓solid line in Fig. 2͑b͔͒ describes the experimental data points with satisfying accuracy. The fracture strain versus crystalline volume fraction is displayed in Fig. 2͑a͒ . We adapt the empirical approach developed by Fan and Miodownik.
14 The composite is topologically transformed into a three-microstructuralelement body, viz. the B2 phase ͑␣͒, the glassy phase ͑␤͒, and phase consisting to equal parts of ␣ and ␤ ͑␣␤͒. Physically, the ␣␤-element can be regarded as effective interface between the ␣ and the ␤ phases. The fracture strain can then be described by
where f ␣c , f ␤c , and f ␣␤ are the corrected volume fraction of element ␣, ␤, and ␣ + ␤, f ␣ , f ␤ , and f ␣␤ are the fracture strain of ␣ phase, ␤ phase, and homogenous ␣ + ␤ composite, respectively, and is a dimensionless constant accounting for the constraint effect of the element ␣ and/or element ␤ on the element ␣ + ␤. 15 Regardless of the value for ͑ f ␣␤ / f ␣ ͒ Eq. ͑3͒ is capable to capture the measured fracture strains. The best fit is obtained with ͑ f ␣␤ / f ␣ ͒ = 10.
At stresses around 490Ϯ 30 MPa ͑Table I͒ the B2 phase yields and the fracture stress exceeds 2100 MPa. Such a pronounced hardening behavior is only known for transformation-induced plasticity materials. The deformation of the crystalline specimens was monitored in situ with high energy x rays to follow the evolution of martensite. Figure 3 shows a two-dimensional ͑2D͒ diffraction image of the undeformed ͑left half͒ and deformed sample at a stress of 1100 MPa ͑right half͒. The integrated 2D diffraction data are shown in the inset of Fig. 3 . At a stress of 0 MPa the Bragg reflections correspond to B2 CuZr next to some weak reflections of Cu 10 Zr 7 . Apparently, partial decomposition into the low temperature equilibrium phases cannot be fully avoided during the thermal cycling. At a stress of 1100 MPa new Bragg peaks can be detected, which are allocated to B19Ј CuZr ͑martensite͒. Obviously, the work hardening of the B2 phase must be attributed to the martensitic transformation from B2 CuZr to B19Ј in the fully crystalline sample. Remarkably, even for low volume fractions the work hardening of the B2 crystals leaves its fingerprints in the stress-strain curves of the composite material.
It is known that a change in the matrix composition due to the precipitation of crystals leads to hardening. 16 In the investigated CuZr-based alloys, however, B2 CuZr crystallizes polymorphically. Energy-dispersive x-ray spectroscopy proves that the crystals and the glassy matrix are of the same composition. Consequently, this mechanism cannot apply. The elastic properties of the glassy and the B2 phase were furthermore analyzed by ultrasonic measurements. Surprisingly, all three, Young's, shear, and bulk modulus of the glassy and the crystalline B2 phase are nearly identical ͑Table I͒. Although being structurally completely different, the glassy and crystalline phases are highly compatible. Hofmann et al. 17 recently reported a similar compatibility of the crystalline and glassy phase in a ␤-Zr͑Ti͒ reinforced alloy. They concluded that next to the appropriate length scale of the reinforcing phase the fundamental elastic properties of matrix and second phase have to match to enhance the toughness of the material. We believe that the good match of the shear moduli facilitates the slip transfer from the matrix to the B2 crystals. The glassy matrix deforms by shear banding and the shear is imposed on the crystalline phase when a shear band reaches the interface with a crystal. The propagation of shear band will be inhibited by the deformation and work hardenability of the B2 phase, which results in the nucleation of more shear bands.
Work hardening also occurs in a Cu 47.5 Zr 47.5 Al 5 BMG composite containing nanocrystals or structural heterogeneities on the nanometer scale ͑clusters͒. [18] [19] [20] However, there are hints that the deformation and hardening processes in the nanocrystals are distinct from the ones in BMG composites containing micrometer-scale crystals. When the grain size is reduced to only a few nanometers in pure Cu ͑Ref. 21͒ and pure Al ͑Ref. 22͒ deformation and hardening is mediated through twinning. Similarly, NiTi nanocrystals embedded in an amorphous matrix show fine compound twinning due to the high residual stresses in the composite. 23 Thus, when the grain size of "martensitic" BMG matrix composites is reduced to the nanometer scale the shear transformation and with it the work hardening is supposed to be borne by twinning.
To conclude, the polymorphic precipitation of B2 CuZr significantly enhances the fracture strain and decreases the yield strength under compressive loading. For this effect the observed high compatibility of the elastic moduli of the crystalline and glassy phase is essential. The work hardening found in the composites with micrometer-sized crystals can be ascribed to the strain-induced martensitic transformation inherent in CuZr-based alloys. The intrinsic hardenability of the crystals is also seen in the composites. This leads to the desired combination of high yield strength inherited from the glassy matrix and considerable plastic strain next to work hardening. Therefore, combining the shape memory effect and BMGs represents a fundamental route to synthesize a new class of composite materials with enhanced mechanical properties. 
